Abstract-Brain aging is marked by a decline in cognitive abilities and associated with neurodegenerative disorders. Recent studies have shown, neurogenesis continues into adulthood but is known to be decreasing during advancing age and these changes may contribute to cognitive alterations. Advances, which aim to promote better aging are of paramount importance. Dietary restriction (DR) is the only non-genetic intervention that reliably extends lifeand health-span. Mechanisms of how and why DR and age affect neurogenesis are not well-understood, and have not been utilized much in the zebrafish, which has become a popular model to study brain aging and neurodegenerative disease due to widely available genetic tools. In this study we used young (8-8.5 months) and old (26-32.5 months) zebrafish as the model to investigate the effects of a shortterm DR on actively proliferating cells. We successfully applied a 10-week DR to young and old fish, which resulted in a significant loss of body weight in both groups with no effect on normal age-related changes in body growth. We found that age decreased cell proliferation and increased senescence associated b-galactosidase, as well as shortened telomere lengths. In contrast, DR shortened telomere lengths only in young animals. Neither age nor DR changed the differentiation patterns of glial cells. Our results suggest that the potential effects of DR could be mediated by telomere regulation and whether these are beneficial or negative remains to be determined. Ó
INTRODUCTION
While there has been progress made toward understanding the complexity of brain aging, our comprehension is still limited. In order to determine the appropriate interventions to alter the course of brain aging and age-associated neurological disorders, we must first understand the normal age-related changes that occur. Previously it was thought that brain cells were not replenishing but research that has been performed over the last decade has indicated otherwise. For example, a recent study revealed that approximately 700 new neurons are added daily to each hippocampus (Spalding et al., 2013) . Moreover, there is evidence that the progenitor cell proliferation is reduced in old brains (Kempermann et al., 1998; Luo et al., 2006) . Therefore, it is evident that there are stem cells residing in young and old brains and they constantly but slowly give rise to neurons and glia. However, even though it is the case that new neurons and glia are produced, not all cells make it to maturation.
It is clear that external factors can affect neurogenesis. For example, learning enhances neurogenesis in the hippocampus (Gould et al., 1999) , and exercise, specifically running, helps make functional hippocampal neurons (van Praag et al., 1999; van Praag, 2009) . The oligodendrocyte precursor cell proliferation doubles during sleep and positively correlates with time spent in REM sleep, whereas the differentiation is higher during wakefulness (Bellesi et al., 2013) . Thus, although cell proliferation occurs in the aging brain, it is reduced compared to young and is very likely affected by external factors.
Dietary restriction (DR) is the only non-genetic intervention that reliably increases life-span. Numerous studies have demonstrated that a caloric reduction in food intake from ad libitum levels, i.e. DR, increases life-span (Roth et al., 2001; Lin et al., 2002; Colman et al., 2009 (Park and Lee, 2011) . Long-term DR leads to an increase in proliferation of hippocampal stem cells in female mice (Park et al., 2013) . Moreover, DR increases both bromodeoxyuridine (BrdU) positive cells (Kitamura et al., 2006) , and the survival rates of the cells in the dentate gyrus of mice (Lee et al., 2002) . Thus, DR alters cell proliferation in an area of the brain that is sensitive to age-related decline, and may change the course of age-related cognitive decline.
The zebrafish has become a popular model organism to study the effects of brain aging and age-associated disorders. It has a similar genome to humans and ages gradually; living on average between 3 and 5 years (Kishi et al., 2003; Howe et al., 2013) . These animals have an integrated nervous system and exhibit advanced behavioral properties like memory and social behavior (Kishi et al., 2009 ). The zebrafish brain has regenerative properties and neurogenesis. However, in contrast to mammals, neurogenesis is not restricted to the telencephalon but is widespread throughout the entire brain (Kizil et al., 2012; Schmidt et al., 2013) . Proliferating cells are frequent on the outer edges of the zebrafish telencephalon. Decreases in neurogenesis during aging have also been shown in zebrafish and were correlated with the silencing of radial glia (Edelmann et al., 2013) . Thus, the zebrafish animal model has equivalent properties to humans and is a good model for understanding human brain aging, especially in the context of changes in neurogenesis.
The purpose of this study was to examine the effects of short-term DR on the early phase of cell proliferation in young (8-8.5 months) and old (26-32.5 months) animals. For this, we labeled the cells with BrdU for 4 h, enabling the detection of actively proliferating cells. We were interested in the effects of DR on cell proliferation across the whole telencephalon, as well as possible regional differences because previous studies in the non-human primate and rodent hippocampus have indicated that areas of the hippocampus are differentially affected by aging and diet (Gazzaley et al., 1996; Rapp and Gallagher, 1996; Smith et al., 2000; Adams et al., 2001 Adams et al., , 2010 . Our aim was to identify the patterns of cell proliferation that change between young and old animals with and without DR. We included in our studies a transgenic zebrafish line [glial fibrillary acidic protein (gfap): green fluorescent protein (GFP)], which enabled us to distinguish proliferating cells of the glial origin. In addition to these studies we also examined the markers associated with cellular senescence, such as telomere lengths and senescence associated b-galactosidase (SA-b-gal) activity in the brain. To our knowledge, this is one of the first studies to analyze short-term DR and cell proliferation in old subjects, as well as the first to analyze DR and cell proliferation in young and old zebrafish.
EXPERIMENTAL PROCEDURES Animals
Overall, 118 adult zebrafish were used in this study. All zebrafish were kept in standard systems built by ZebTec Zebrafish Housing System (Tecniplast, Italy), at 28°C water, with 14-h light:10-h dark cycles. Fish were fed every day, two times a day with dry flakes and three times a week with fresh artemia. All the fish used in the experiments in this study were adult fish; older than 8 months old; young fish were 8-8.5 months old, and old fish were 26-32.5 months old. Fish were either of wild-type AB strain, which was raised and bred in our fish facility, or TgBAC(gfap-GFP)zf167, which was obtained from the European Zebrafish Resource Center. The gfap:GFP line was used only in triple staining experiments in order to characterize the origin of the proliferating cells. Ten-liter tanks were used for the experimental set-up and densities were kept between 8 and 15 fish. The dates of birth were recorded and only fish with the same birth dates were kept together in the same tank. To confirm the gender of the fish, gonad examination was done by directly observing testes or eggs. Fish without any observable gonad were registered as ''no gonad". We included both males and females in all our cohorts in order to represent both genders in our studies.
For the feeding experiments, fish were divided into two groups, ad libitum (AL) or dietary restricted (DR). Firstly, all the experimental fish of the same age were combined into a single tank, and then divided into two tanks, randomly. Fish were weighed prior to and after the experiment. AL fish were fed a spoonful of dry flakes using a Starbucks green drink plug, which is approximately 90 mg, twice a day, and also with artemia, a small shrimp, three times a week. DR fish received a spoonful of dry flakes once in two days, and artemia once a week. The diet continued for 10 weeks and the two groups of fish were kept on the same shelf, adjacent to each other.
Experiments were conducted in separate cohorts; for each set, fish with the same date of birth were pooled together, and then were assigned randomly to the DR and AL groups. Fish were allowed to habituate to their new tank for at least three days, and then the feeding schedules began. After the fish were habituated and the feeding scheme had started, the fish remained in the same tank throughout the entire experiment to prevent disturbances in the social network. At the start and end of the experiments, the fish were weighed in a beaker full of water, either individually (old fish), or in groups, which is labeled as wet-weight. After the fish were euthanized, they were weighed on a piece of parafilm (dry weight) and the body lengths were measured. Body length was measured from the mouth to the end of the tail, which was the very anterior to the posterior end of the fish.
The animal protocol for this study was approved by the Bilkent University Local Animal Ethics Committee (HADYEK) with the approval date: Sept 3, 2012 Sept 3, , no: 2012 and with the approval date: Jan 8, 2012, no: 2013/2.
Cortisol measurements
Cortisol extraction from zebrafish was performed according to the protocol described in a previous study (Pavlidis et al., 2011) . For the cortisol measurements, the Cortisol EIA Kit (ACE, 500360) was used and performed according to manufacturer's instructions. Fish were anesthetized in ice-water (4°C) and after 10 min, when all the movement ceased, the fish were euthanized by decapitation. Fish trunks, not the heads, were used as samples. Trunks were snap frozen in liquid nitrogen immediately after euthanization and stored at À80°C. On the day of the testing procedure, frozen trunks were immersed in cold PBS, weighed, homogenized, mixed with diethyl ether, separated into the phases and cortisol was recovered after overnight evaporation. Samples were diluted to 1/4 and 1/8 and tested in duplicates.
BrdU injections
For BrdU injections, the fish were transferred from the main tanks to the 17°C system water, which was then gradually dropped to 12°C by adding ice cubes. When the movement ceased, 10-20 lL of a BrdU (Sigma, St Louis, MO, USA, B5002) solution, with a concentration of 10 mg/mL in water, was injected intraperitoneally into the fish. Immediately, the fish were transferred to aquaria with fresh system water at 28°C. Recovery was closely observed, fish were fed with flakes and eating behavior and movements were monitored. After 4 h, fish were transferred to ice-water to be euthanized.
Immunostaining
A detailed protocol can be found on Protocol Exchange (Arslan Ergul et al., 2013) . Briefly, the head was immersed in fixation buffer (FB001, Invitrogen, Carlsbad, CA, USA) overnight in the refrigerator (4°C), washed with PBS, then the brain was dissected by removing the skull, gills, and extra fat tissue. Following dehydration and rehydration steps in methanol, the whole brain was embedded in 3% agarose in PBS and after solidifying, was cut into slices of 50 lm thickness with a Leica Vibratome VT1200S. Slices were washed with PBS-T, treated with HCl, borax buffer, and blocked with PBS-T containing normal goat serum (Sigma). Primary antibody incubation at 4°C overnight was followed by secondary antibody incubations at room temperature for two hours. Slices were mounted with Prolong antifade reagent (P36934, Invitrogen). The antibodies used were anti-BrdU antibody, mouse monoclonal (#5292S, Cell Signaling Technologies, Danvers, MA, USA), anti-GFP antibody (ab13970, Abcam, Cambridge, UK), RabMab anti-NeuN antibody (ab177487, Abcam), anti-HuC antibody (ab78467, Abcam), anti-chicken Alexa Fluor 647 (ab150175, Abcam), anti-mouse Alexa Fluor -488 secondary antibody raised in goat (#4408, Cell Signaling Technologies), and anti-rabbit Alexa Fluor -555 (#4413, Cell Signaling Technologies). The nuclear stain used was a 7-AAD nuclearstain (A1310, Invitrogen). Images were taken with the Zeiss LSM 510 confocal microscope. For each sample, 6-8 sections were scanned with 10-15 layers at the z-axis, and 4-6 squares at the x-y axis. Composite images were created with ImageJ (NIH, Bethesda, MD, USA).
Telomere length measurements
In order to measure telomere lengths, the quantitative polymerase chain reaction (qPCR) method was utilized. DNA from the brain, tail, spleen, and muscle samples was isolated with a QIAamp DNA Mini Kit (Qiagen, Redwood City, CA, USA, 51304). The telomere primers were adapted from a previous study (O'Callaghan and Fenech, 2011) . As a reference, any single copy gene can be used, so here deiodinase, iodothyronine, type II (dio) was utilized. DCt was calculated as Ct (telomere) -Ct (dio). Basically, the hypothesis is that the telomere primers will bind more whenever the telomeres are longer and they can be quantified using the qPCR method.
In order to strengthen the findings from the qPCR analyses about the DR effect on telomere lengths a TeloTAGGG Telomere length assay kit (Roche, Istanbul, Turkey) was used for the telomeric terminal restriction fragment (TRF) assay and the manufacturer's instructions were strictly followed. Only brain samples were included in the TRF assay and there were three samples per group. These samples were a subset of the same samples used in the qPCR analyses. Analysis of the gel image was performed using Telomeric software (Fox Case Cancer Center, USA). The calculations were performed in the same manner as described in a previous study (Terai et al., 2013) .
Senescence associated beta galactosidase assay (SA-b-gal)
To measure senescence b-galactosidase, the SA-b-gal staining kit (9860S, Cell Signaling Technologies) was used according to the manufacturer's instructions. For the samples tested, similar steps were used as those described in the immunostaining protocol prior to the methanol procedures. In order to quantify the images, we utilized ImageJ's region of interest measurements. Blue areas were matched with threshold markings, and the signal was measured as a percentage of the selected area. Quantification was done using an unbiased and a blind analysis; i.e., the people who quantified the data were unaware of the sample IDs and are not authors on this paper.
Statistical analysis
All data were tested for a normal distribution and homogeneity of variance using the Kolmogorov-Smirnov and Levene's tests with the significance level set as 0.05. In the cases where these assumptions were violated, either a Kruskal-Wallis, a Wilcoxon signed rank or a Friedman test was applied. To determine differences between two groups, a Mann Whitney U test was applied post hoc with a corrected p value according to the number of comparisons between the groups. When the assumptions of a normal distribution and homogeneity of variance were not violated, a two-way analysis of variance (ANOVA) with the factors of diet and age was applied to the data sets. Following the ANOVA analysis, a post hoc comparison with a Bonferroni correction was used to determine between which groups a significant difference occurred. For all these analyses the statistical program SPSS (IBM, Istanbul, Turkey) was used.
RESULTS
Weight loss occurs with dietary restriction without an evident increase in stress A modified version of every-other-day feeding for 10 weeks was the DR regimen used in the current study for 10 weeks. Other than the feeding schedule, all the fish were treated in the exact same manner. We observed that the food was in excess for ad libitum (AL)-fed fish, with uneaten food always observed at the bottom of the tank. Fig. 1 shows the average final body weight and length for each group. Since the initial measures were the same within the young and old groups only final measures are given. The wet weight measurements are available if requested.
At the end of the 10-week DR, restricted animals weighed significantly less than those fed AL. Our data demonstrated that AL-fed young animals weighed on average 0.57 g (±0.04, n = 34), whereas DR young animals had an average weight of 0.43 g (±0.03, n = 28). Old animals weighed 0.79 g (±0.035, n = 29), when fed with the AL diet, and 0.64 g (±0.036, n = 27) with a DR diet. Thus, young DR animals have a 25% weight reduction as compared to AL young, and old DR animals weighed 19% less than old AL animals. This weight loss was significant within the age and diet groups, as demonstrated by a main effect of age and diet using a Kruskal-Wallis test [ Thus our data indicated as expected that old animals weighed significantly more than the young animals, which is similar to the aging profile of rodents (Shi et al., 2007; Adams et al., 2008; Newton et al., 2008; Fig. 1A) . Moreover, the 10-week every-other-day feeding significantly reduced the body weight as compared to the AL-fed groups.
The average body lengths increased in the aged animals as compared to young animals. On average the lengths were 3.7 cm (±0.105, n = 19) for AL-Y, 3.5 cm (±0.08, n = 25) for DR-Y, 4.2 cm (±0.05, n = 26) for AL-O, and 4.08 cm (±0.08, n = 24) for DR-O. Statistical analysis of our data indicated that with age body length increased significantly [H(3) = 40.07, p < 0.0005. A Bonferroni correction was applied and so all effects are reported at a .008 level of significance. Next we wanted to eliminate stress as a confounding factor and for this purpose, we performed an experiment in which we utilized a kit to measure the body cortisol levels of the fish. We employed a cortisol measurement protocol that gives reliable and consistent results (Pavlidis et al., 2011; Fig. 1C ). We examined whether there were significant differences among the AL-fed and DR young and old groups. The analysis revealed that there are no significant differences between the groups ( Fig. 1C ; H(3) = 2.11, p = 0.55). Our data demonstrated no significant difference between the AL and DR groups (U = 34, z = À0.83, p = 0.41, r = À0.19), nor the young and old groups (U = 29, z = À1.31, p = 0.19, r = À0.30). Hence, diet does not appear to induce any additional stress to the fish in our experimental groups. Therefore, our data indicate that a 10-week DR successfully results in weight loss without interfering with normal age-related increases in body length or altering stress levels in the young and old fish.
Dietary restriction does not alter the number of actively proliferating cells per unit volume
We investigated the number of actively proliferating cells in the telencephalic region of the zebrafish, i.e. the cells that are proliferating in the narrow window of 4 h. We started sectioning posterior to the olfactory bulb, and stopped anteriorly to the diencephalon. All sections were collected into plates and stained for BrdU. Images were captured using a confocal microscope and layers in the z-axis and tiles in the x-y axis were combined into composite images ( Fig. 2A) . We calculated the number of cells per mm 3 (cells/mm 3 ) in order to have a direct comparison between the sample groups that would control for changes in brain size between young and old animals. The cells/mm 3 calculation normalized the proliferation rates to the surface area and the depth of the sample that was scanned in order to prevent the probable bias of counting more cells when the brain volume gets larger. Cell counts can be normalized using only depth, however, since the older brains have a larger surface area, we included the area into the calculation as well.
We observed that the cells/mm 3 calculation decreases significantly with old age (Fig. 2B, C ratios significantly. Moreover, global cell proliferation rates might not be differing significantly by diet but there may be regional differences within the telencephalon, and so this analysis was subsequently performed.
Proliferation rates differ across telencephalic regions but not affected by age or diet
We divided the brain slices into different telencephalic regions using a simplified version of the zebrafish brain atlas by Wullimann (Wullimann et al., 1996) and reduced the z-dimension, which resulted in 6 distinct regions (Fig. 3) . Regions 1, 2, 3, and 6 have symmetrical counterparts; 1 0 , 2 0 , 3 0 , and 6 0 . We denoted them as such because imperfections in slicing could induce some discrepancies although the brain is symmetrical and the number of proliferating cells should be equal. Therefore, we counted the cells in both areas in each hemisphere. We designated the area in between the hemispheres as one region, and only divided this zone into two parts; 4 and 5, without symmetrical counterparts. Results demonstrated consistent proliferation rates between symmetrical areas; areas 1 and 1 0 (T = 238,50, p = 0.45, r = À0.09), 2 and 2 0 (T = 250, p = 0.42, r = À0.10), 3 and 3 0 (T = 193, p = 0.60, r = À0.06) and 6 and 6 0 (T = 205, p = 0.27, r = À0.13) had highly similar proliferation patterns, and only slight numerical variations between experimental groups. Areas 3 and 3 0 had the lowest rates of proliferation overall. Strikingly, areas 4 and 5 had the highest rates of cell proliferation and also had the highest variation among the groups. According to our data, cell proliferation rates numerically decreased in old samples as compared to young samples but seemed to be unaffected by the diet (Fig. 3 ). However differences were not found to be statistically significant in either the different age or diet groups. Interestingly, although there were no effects of age or diet, the cell proliferation rate was significantly different among the different regions of the telencephalon as measured with a Friedman test (v 2 2(9) = 177.73, p < 0.0005).
Telomere length is shortened by DR in brain
In a separate cohort of animals we determined whether DR affects the telomere lengths, which is a well-known biological counter that shortens with every cell division. The telomere length measurement protocol was adapted from a previous study (O'Callaghan and Fenech, 2011) . The telomere lengths were measured in old and young zebrafish, in both the AL-fed and DR groups. We measured telomere lengths in selected zebrafish organs to observe the effect of diet and age on the telomeres. We tested the brain, muscle, spleen, and tail tissues (Fig. 4A-D, respectively) . Although each tissue differs from the other significantly (H(3) = 18.99, p < 0.0005); the brain and muscle tissues had relatively similar telomere lengths, and the tail and spleen had two and three fold longer telomeres, respectively. The telomere length variation is an interesting finding and it is reasonable considering the regenerative rates of the spleen and tail.
Two major outcomes were observed in the results. In the brain, using a two-way ANOVA, a significant main effect of treatment on telomere lengths was found (F(1,15) = 5.28, p = 0.039), but there was no significant main effect of age (F(1,15) = 1.5, p = 0.240). For the telomere length in the spleen, on the other hand, we observed a significant main effect of age (F(1,15) = 8.65, p = 0.010), but no significant main effect of the diet (F(1,15) = 0.80 p = 0.384). We did not find any significant effects of age and diet on the telomere lengths in the tail (H(3) = 0.37, p = 0.95) and muscle (H(3) = 5.11, p = 0.16). Hence, although there are no significant effects of DR on cell proliferation rates, diet could have a negative impact on telomere lengths in the brains by shortening them (Fig. 4) .
In order to substantiate the results in the brain telomere lengths, we have performed a TRF assay (Fig. 5) . The assay we chose was a non-radioactive version of the most common technique to measure telomere lengths. This assay involves usage of a kit that has been routinely utilized for measuring telomere lengths from human and rodent samples. We employed the same kit for the zebrafish brain samples. We repeated the test twice and quantified the bands from multiple exposures with the Telomeric software. One important thing to consider here is that we quantified the bands exactly as it is described in a previous study (Terai et al., 2013) . Accordingly, the measurement rectangles were drawn from immediately above and below the highest and lowest MW bands, respectively. However, as opposed to human samples, in Terai et al., and lane 13 (Fig. 5A ), there were smears above the rectangles. We tried to include all the bands, starting with the (1) A schematic drawing of a rostral view of zebrafish brain, where the cells were imaged and counted, telencephalon is indicated with dashed orange lines, (2) 50 lm thick slices were obtained using a vibratome, (3) slices were taken into plates for staining, (4) slices were scanned with the confocal microscope, (5) composite images were created by ImageJ, (6) depth and area were measured for each slice, (7) proliferating cells were counted, and (8) rectangles from the wells, but this caused all the TRF values to increase to a measurement above 30 kbps, which is not expected. Also the positive control sample was reported to be around 10 kbps, which is verified with the measurement technique used here.
After we quantified the bands from the southern blot gel image, the TRF median values were plotted as average values with the standard error of the groups. Although the findings in this experiment were not significant, F(3,12) = 1.022, p = 0.443 (Fig. 5B ), most likely due to a small sample size, (3 per group in this figure, 6 per DR-Y and AL-Y samples due to the high concentration of DNA required for TRF measurements), numerically there was a trend for the TRF assay results to be in accordance with the data from the qPCR experiments demonstrating that in the young group the telomere lengths were shortened with DR (Fig. 4A) . The qPCR method we used for the experimental results reported in Fig. 4 is more sensitive since it requires minimal amounts of DNA, and more accurate in terms of quantification. We measured the accuracy of the TRF assay by using the same zebrafish tissue samples included in the qPCR experiments. Thus, while there were no significant effects observed in this assay, we did see numerical trends toward a similar pattern and, therefore, are more confident in the qPCR results.
Cellular senescence is affected by age but not by diet
Another measure of cellular aging is the SA-b-gal assay, which is a highly common marker of senescence. The SA-b-gal assay measures the amount of betagalactosidase deposited in a cell, which increases in aged cells, probably as an indirect consequence of aging (Dimri et al., 1995) . In the brain slices, we performed the SA-b-gal assay and quantified the b-gal signal (Fig. 6A) . We analyzed 3 AL-Y samples (35 slices in total), 3 DR-Y samples (27 slices in total), 2 AL-O samples (11 slices in total), and 2 DR-O samples (18 slices in total). As expected the b-gal signal increased significantly with old age ( Fig. 6B; F(1,6) = 6.76, p = 0.041), however, diet did not change the signal levels in young or old animals ( Fig. 6B; F(1,6) = 0.09, p = 0.78). The AL-Y group had 3.23% (±2.05, n = 3) of the area positive for the SA-b-gal signal, DR-Y had 3.13% (±2.06, n = 3), AL-O had 11.37% (±5.41, n = 2), and DR-O had 9.78% (±1.87, n = 2). An increase in SA-b-gal signal with age is a well-established finding, and is consistent with previous reports (Kishi et al., 2008) . On the other hand, it appears that the current DR does not affect cellular senescence as measured by beta galactosidase levels. 
Characterization of the actively proliferating cells
Our data using a 10-week every-other-day DR indicated that the number of actively proliferating cells per unit does not change significantly, but there were significant changes in telomere lengths. Therefore, we decided to characterize the actively proliferating cells to determine whether the subpopulation of these proliferating cells differ in their origin. We identified the cells as either glia or neurons. Since we detected the actively proliferating cells, i.e. cells that are proliferating in the narrow window of 4 h, it was not possible to see the expression of any neuronal markers so we decided to count the glial cells. For this, we utilized a transgenic line, gfap: GFP, which expresses GFP under the gfap promoter. We applied the same DR regimen to the young gfap: GFP fish for 10 weeks and fed the AL group in parallel. Then, we performed BrdU injections and euthanized the fish after four hours. To distinguish the glial cells from neuronal cells, we counted only the cells that have a complete overlap in GFP and BrdU signals (arrows, Fig. 7A ). We counted only the regions 4 and 5, since the highest differences in the cell proliferation rates were observed in these regions. We found that the glial cells accounted for 12.45% (±3.69) of all the actively proliferating cells in the AL group, and 9.62% (±0.6) in the DR group (t(9) = À0.74, p = 0.48; Fig. 7B ). We also calculated the ratio of proliferating cells per slice, which was approximately 16.35% (±1.99) for the AL group and 14.44% (±1.20) for DR group (t(9) = À0.74, p = 0.48; Fig. 7C ). These numbers were for the regions 4 and 5 combined. When we separated the two regions, we found that region 4 does not differ between the AL and DR groups (U = 7.50, z = À1.37, p = 0.17, r = À0.41), whereas in region 5, the DR group numerically had a lower percentage of glial cells but this was not statistically significant (U = 14, z = À0.18, p = 0.86, r = À0.06). In region 4, the numbers were as follows; AL; 14.72% (±3.95), DR; 14.08% (±1.16), and for region 5, AL; 11.54 (±3.68), DR; 6.91% (±1.14); Fig. 7D ). As a result, we found that DR does not change the subpopulation of the proliferating cells, or favor the proliferation of either glial or neuronal cell types in young animals.
DISCUSSION
In this study we used an every-other-day feeding DR regimen for 10 weeks in zebrafish, and analyzed the actively proliferating cells in both young and old animals. Presently, DR is quite a timely and important topic and our study provides novel findings. Firstly, we used old animals as subjects. A three-year old fish likely corresponds to a human age over 60 based on current human life expectancy at birth rates (79.56 years of age for the USA, 80.02 for the EU y ). Secondly, we used a relatively prolonged regimen of DR started later in life in the zebrafish. With this ten-week dietary regimen, we have estimated that, for a human, it would be a diet of almost 4 years, starting at the age of 60. This is important when we think of the applicability of a DR regimen to humans. The goal was to obtain an idea of the benefits of a person starting a diet at a later age in life. Thirdly, we measured the effect of DR on the actively-proliferating cells in old animals and compared the results to young subjects. Finally, we analyzed the aging parameters related to cellular senescence, such as telomere length and SA-b-gal in young and old animals after the 10-week DR regimen.
We successfully applied the DR regimen to young and old zebrafish. The regimen of every-other-day feeding is a practical and widely accepted method of DR that shows similar results to protocols utilizing daily caloric reductions. Our DR paradigm is the only one utilized in zebrafish that follows similar dietary regimens to those used in rodents and our DR-treated young and old animals weighed significantly less than their AL counterparts, 25% and 19%, respectively. Moreover, the body lengths did not change, indicating a normal growth pattern observed in aging animals. We found that our y https://www.cia.gov/library/publications/resources/the-worldfactbook/index.html. DR regimen did not cause any altered stress response in the young and old fish, due to the fact that both the AL and DR animals had similar cortisol level measurements. Changes in cortisol levels have been found to be correlated with stress in response to stressors such as, temperature change, osmotic shock (Yeh et al., 2013) , and dominant-subordinate interaction (Pavlidis et al., 2011) . Upon predator stress, cortisol levels have been reported to increase up to 16 ng/g (Barcellos et al., 2010) , supporting our high levels of cortisol following the intraperitoneal injections. One explanation as to why the older fish numerically have lower cortisol levels may be due to the old fish being more resistant to injection stress, which requires further investigation. So our dietary regimen decreased weight loss significantly without disrupting the normal social hierarchy of the fish, without interfering with normal growth patterns and without inducing any stress.
We report here that DR does not affect the number of the actively proliferating cells per unit volume. We measured this as a global effect throughout telencephalon, and for individual regions of the telencephalon. This finding is in accordance with the previous publications. Seminal works coming out of the Mattson laboratory reported that DR increases neurogenesis, however, the number of cells proliferated (cells/mm 3 ) in 1 day is similar in DR and AL groups (Lee et al., 2000) or even decreased slightly in the dentate gyrus of mice (Lee et al., 2002) . The increase in neurogenesis was a result of the higher rates of survival over 4 weeks. Bondolfi et al. reported that DR did not change the number of proliferating cells in the granule cell layer 2 h post-BrdU injection or in the hilus, but changed it after 4 weeks post-BrdU injection and only in the hilus, not in the granule cell layer (Bondolfi et al., 2004) . A recent study also reported that DR did not change the number of proliferating cells in the dentate gyrus in mice, but increased the survival rates (Kim et al., 2015) . In contrast, a study using nestin-GFP mice reported an increase in the number of dividing cells in dentate gyrus of female mice (Park et al., 2013) . In all of these studies, DR was started at a young adult age and continued throughout life. Our contribution to these studies is that we started our DR regimen in zebrafish at an older age, as well as at a young adult stage, and then compared the effects of the same duration of diet on both age groups.
Our results demonstrated a significant change during aging, in terms of actively proliferating cells. It has been previously reported that number of proliferating cells decreases with age in zebrafish brain (Edelmann et al., 2013) . They used zebrafish of 3, 6.5, 7.5, 10, and 20 months of age. The decrease in the number of new neurons per olfactory bulb section was pronounced from 3 to 6.5 months, and then continued to decrease throughout life although it was at a lower rate. In the same study, by using a gfap:GFP zebrafish line, radial glia cells were found to be maintained in old age. Bondolfi et al. reported a significant decrease in total number of BrdU-positive cells in the dentate gyrus in aging mice from 2 months to 12 months of age, and the decrease continues to 24 months of age (Bondolfi et al., 2004) . This finding is also in accordance with our results. Thus, our data on cell proliferation rates in young and old zebrafish are consistent with those reported in the literature.
Telomeres are the biological clocks that shorten as the organism ages. This is valid for a wide array of organisms including humans (Wright and Shay, 2005) , non-human primates (Steinert et al., 2002) , mouse (Rudolph et al., 1999) , and zebrafish (Anchelin et al., 2011) . Zebrafish are especially interesting because they have detectable telomerase expression even in the adult tissues (Kishi et al., 2003) . Anchelin et al. reported a decrease during old age in telomere lengths and verified that telomerase expression is maintained in old zebrafish (Anchelin et al., 2011) . We found that the DR regimen had a possible negative effect by shortening the telomeres, however the telomere lengths were not lower than the levels of the old animals, suggesting a stabilizing effect as well. This idea of DR having a reduced but stabilizing effect has been reported previously with regard to synaptic proteins in the rat hippocampus (Shi et al., 2007; Adams et al., 2008; Newton et al., 2008) . Interestingly, it was reported that although telomere shortening reduces the number of proliferating cells in the brain, it has a protective effect against aging; specifically telomere shortening reduces the formation of plaques (Rolyan et al., 2011) . Telomere lengths are getting shortened in the young group due to DR; since these were age-matched samples there shouldn't be any differences in the number of cell divisions. However, an increase in cell division as a result of DR is a possible explanation. We also found that the telomere lengths were shorter in the brain when compared to the spleen, which is similar to humans; a study conducted in humans reported a twofold higher telomere length in the spleen as compared to the brain (Dlouha et al., 2014) . This finding may indicate the reason for the differential aging dynamics of different organs.
The b-galactosidase (SA-b-Gal) assay is a widely used marker for cellular senescence. In zebrafish, this assay has been performed in the veins (Donnini et al., 2013) , the whole body of the adults (Kishi et al., 2003) , and larvae (Kishi et al., 2009) , and skins of irradiated zebrafish (Tsai et al., 2007) . In 31-month old fish, the b-Gal signal was shown to be increased (Kishi et al., 2003) . To our knowledge, there are no studies that performed an SA-b-Gal assay in brain sections. In this study, we compared the b-Gal signal between young and old zebrafish brain slices, as well as between AL and DR groups. As expected, we found that the b-Gal signal was higher in old animals as compared to young animals, however, there were no differences due to diet. This finding gives further insight into the DR mechanisms, as they do not appear to include cellular senescence at least at the b-Gal level, at least utilizing the current DR. Currently experiments are ongoing examining changes in cellular stress markers as well as different lengths of DR on cellular senescence markers.
We used a transgenic zebrafish line; gfap:GFP, which expresses GFP under the gfap promoter. gfap is an intermediate filament, which is expressed mainly in the astrocytes in the brain (Yang and Wang, 2015) . Astrocytes have been found to be key players in brain aging, which is reviewed thoroughly elsewhere (Salminen et al., 2011) . We analyzed the ratio of gfap-positive cells among the proliferating cells after DR. We found that the ratios using the current DR did not change in the selected regions of telencephalon. Hence, we can infer that the DR does not cause a shift in the type of cell into which they are differentiating. On the other hand, since the BrdU-positive cells are the actively proliferating cells since we immediately euthanize the fish 4-h after a BrdU injection, these cells are not likely the mature astrocytes. During the development of hippocampal neurons, gfap is expressed along with BLBP, Nestin, and Sox2 (Zhao et al., 2008) . These are referred to as type 1 hippocampal progenitors, and have a different morphology than the mature astrocytes (Zhao et al., 2008) . Also, it has been demonstrated that gfap-positive cells can give rise to neuroblasts and neurons (Garcia et al., 2004) . Thus, actively-proliferating, gfap-positive cells may be the type 1 hippocampal progenitors, and our data indicate that DR did not change the ratio of these cells in the telencephalon.
CONCLUSION
In the current study we examined the effects of a shortterm DR on cell proliferation and cellular markers of aging in young and old zebrafish brains. Our results demonstrated that a 10-week DR, which reduces body weight significantly, does not affect the number of actively proliferating cells but alters one marker of cellular aging by shortening telomere lengths. Thus, DR affects the brain by subtly and occasionally altering the senescence dynamics through this mechanism and whether this is beneficial or protective remains to be determined.
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